used cross-circulation between parent and child for the repair of intracardiac defects,3 achieving results that were not equalled for 20 years with cardiopulmonary bypass.
"Postperfusion lung" is characterised clinically by increased work of breathing, arterial hypoxaemia with an increased alveolar-arterial oxygen difference, and increased fluid in the tracheobronchial tree. Several workers have shown consistent pathological changes in ultrastructure in lung biopsy specimens taken from surviving patients one to four hours after bypass.46 Interstitial oedema is always present and at times types I and II pneumocytes show necrosis and sloughing. The capillaries appear congested with focal endothelial damage consisting of swelling of the cells and their mitochondria and there are collections of leucocytes with their degranulation products in apposition to the capillary membranes. There is evidence that the infant lung may be more susceptible to pulmonary damage. Firstly, infants' alveolar capillary membrane has a greater tendency to leak fluid;7'8 and, secondly, the lungs are smaller and the pressures in the pulmonary artery may be viewed as hydrostatic columns of water, so that left atrial or pulmonary arterial pressures of equal magnitude in adults and children will have a much greater effect on the smaller lungs of children.9 Other workers have claimed that pulmonary damage may result from hypothermia or ischaemia during bypass, though Barratt-Boyes and colleagues state that the use of profound hypothermia and total circulatory arrest has diminished the incidence of postoperative pulmonary complications.'0 This implies that a shorter period of bypass gives a smaller dose of whatever is the cause of the problem-a hypothesis for which I hope later to give supporting evidence.
Role of the oxygenator system
It is well recognised that the most important intraoperative factor to influence the lungs after bypass is the oxygenator system and a considerable amount of experimental work confirms this. Lee and others" showed denaturation of plasma proteins with release of abnormal proteins, chylomicrons, and free fat globules and suggested that this occurred by molecu-321 lar distortion at the gas-liquid interface of the bubble oxygenator. Microaggregates have been found in the pulmonary vasculature after bypass and it has been assumed that these may occlude capillaries and damage the capillary endothelium.612 Membrane oxygenators and improved filters, however, have not contributed greatly to eradicating the problem. Hollenburg et al showed that infusion of plasma taken from patients during bypass into experimental animals often proves lethal and that merely recirculating blood through a bubble oxygenator produced highly vasoactive material.'3 Pacifico and others, using indicator dilution techniques to determine compartmental water before and after cardiac surgery, showed a 7% increase in extracellular water and a 12% increase in interstitial water 48 hours after operation.'4 In the lung this reduces compliance, thus increasing the work of breathing, which in infants and debilitated adults may lead to prolonged intubation and increased risk of infection and death from pulmonary causes.
Parker et all5 found a significant decrease in serum complement after bypass, which fitted well with the findings of others that the postoperative immune response to bacteria is altered; but at that time it was impossible to determine whether complement consumption was due to denaturation or to triggering of the complement cascade.'6 If the latter, then does bypass initiate the release of powerful anaphylatoxins? This important question remained unanswered for many years while further investigations concentrated on the prevention of shear stress, which damages the blood's cellular components, and the elimination of abnormal substances, such as macro or micro air bubbles, fat, fibrin, and tissue thromboplastins, which have been blamed for the pulmonary, cerebral, and renal problems after prolonged perfusion. Many practical improvements were made empirically and some on theoretical grounds. Haemodilution, hypothermia, and elimination of extraneous blood contributed greatly to the safety of bypass; whereas innovations such as pulsatile flow, membrane oxygenation, improved filters, and defoaming agents have achieved little despite their initial promise. Apparently a fundamental problem remains and minimises their potentially beneficial effects.
We should therefore reconsider the effects of exposure of blood to the allegedly biocompatible but unphysiological materials of the bypass circuit. These effects are related both to the nature and to the area of such surfaces and are of special interest since those that suffer most are infants, who because of their smaller blood volume in relation to the surface area of oxygenator components must receive relatively greater exposure to these surfaces than do their adult counterparts. When blood first contacts the venous cannulas Hageman factor (XII) is activated to initiate the clotting cascade and without heparin bypass could not continue. The humoral cascades are closely interlinked, however, and Hageman factor also activates the kinin-bradykinin system, which in turn triggers the fibrinolytic system and the alternative complement pathway. Thus it is highly probable that during bypass the components of these systems are consumed by activation, not denaturation. The complement cascade is an important part of our host defence mechanism and it would be naive to expect the body to tolerate exposure of its total blood volume to the foreign materials in the bypass circuit without some sort of defence response.
The inflammatory response
In 1981 Kirklin Stewart and Blackstone at the University of Alabama noted that those cellular and humoral reactions that are known to be activated by contact of blood with foreign materials take part in the acute inflammatory response at the site of local injury. Local inflammation begins with platelet adherence and activation of the coagulation cascade to form a haemostatic plug. Chemotactic agents, including complement-derived anaphylatoxins, are liberated to attract leucocytes and monocytes and tissue oedema and fever follow. Might therefore the adverse effects of cardiopulmonary bypass, which limit the benefits of membrane oxygenation and pulsatile flow, result from a whole-body inflammatory response to the materials of the bypass circuit? If so, we should expect coagulation disorders and sequestration of complement-activated white cells in the lungs and kidneys, giving rise to interstitial oedema, fever, and eventual organ dysfunction. Notably, fever of non-infective origin that is influenced by anti-inflammatory agents, such as indomethacin, is an invariable feature of the immediate period after bypass surgery. '7 In 1977 Craddock and coworkers proposed a mechanism for pulmonary dysfunction in patients undergoing haemodialysis and leucapheresis.'8 They found that during dialysis there was a selective loss of neutrophils and monocytes from the systemic circulation with trapping in the lungs. Both of these cells have membrane binding sites for the complement anaphylatoxin C5a. In a study of animal models for the shock lung syndrome, Hohn et al gave plasma incubated with zymosan to rabbits (zymosan activates complement); this resulted in profound systemic neutropenia followed by hypoxaemia, tachypnoea, and haemorrhagic pulmonary oedema.19 Electron microscopy showed neutrophils marginated in the pulmonary capillaries; these, it is suggested, release their lysosomal granule contents (including proteases and cathepsins) and free radicals, which damage the capillary membrane and cause cell death.20 Undoubtedly this picture is similar to that shown by electron microscopy of the lung tissue after cardiopulmonary bypass. The question therefore arises of whether cardiopulmonary bypass releases complement-derived anaphylatoxins and, if so, what initiates this response.
In 1981 Hammerschmidt and co-workers claimed that the systemic neutropenia with pulmonary sequestration of neutrophils and monocytes that occurs in patients during bypass is direct evidence of complement activation.2' Their data for total complement levels and C3 and C5 fragments, however, did not support their hypothesis or clarify the relation between complement activation and peripheral leucopenia. Cooper had previously shown that infusion of activated complement into sheep produced a rise in serum concentrations of prostaglandin metabolites (thromboxane B2) and that treatment with prostaglandin inhibitors (indomethacin or sulphinpyrazone) eliminated both the prostaglandin rise and pulmonary dysfunction without altering the peripheral leucopenia.22 Thus a positive link between complement, white cells, cardiopulmonary bypass, and pulmonary dysfunction remained in doubt, pending direct evidence of complement activation with anaphylatoxin release.
At this time the cellular immunology group at the Scripps Institute at La Jolla, California, was investigating the C3 and C5 components of the complement cascade and their cleavage products C3a and C5a. These fragments are potent anaphylatoxins whose physiological activity includes increased capillary permeability, smooth muscle contraction, histamine release from mast cells, and polymorphonuclear chemotaxis with enzyme release.23 Both are liberated by the classical and alternative pathways of complement activation, as are C8 and C9, which have been implicated in membrane damage and the renal changes of experimental and hypocomplementaemic glomerulonephritis. Hugli and Chenoweth succeeded in isolating C3a and C5a, determined their amino-acid sequence, and synthesised their molecules, thus establishing a method for immunoassay.24 Though both are stable, C5a is rapidly bound to neutrophil and monocyte cell membranes, so that meaningful assay in the presence of these cells is impossible.25 C3a is less rapidly bound to tissue and provides a good marker of complement activation by either pathway. Demonstration of C3a in the serum of bypass patients would therefore provide direct evidence of complement activation and give support to the hypothesis that 323 the damaging effects of cardiopulmonary bypass are the result of an inflammatory response to the materials of the bypass circuit.
Clinical studies
Chenoweth worked in conjunction with the University of Alabama and in adult patients undergoing coronary artery surgery with complete haemodilution showed that C3a appeared rapidly in the serum at the onset of bypass and accumulated in increasing quantity until the end of perfusion, when levels fell rapidly owing to tissue binding.26 As suspected, there was no significant rise in C5a, but differential white cell counts from the right and left atria before perfusion and after re-establishment of pulmonary blood flow at partial bypass showed trapping of neutrophils and monocytes in the pulmonary vascular bed. Lymphocytes and eosinophils, which do not have binding sites for C5a, were unaffected. Estimation of C4 levels showed these to be unchanged, so complement activation evidently occurred by the alternative (or properdin) pathway. Whether the pulmonary sequelae of cardiopulmonary bypass, which range from modest interstitial oedema to haemorrhagic pulmonary oedema, can be related to white cell sequestration remains speculative, though the change in mobility of white cells with margination against the capillary membrane in response to C5a binding is known to be associated with degranulation and release of lysosomal enzymes.
An understanding of this complex series of events is of practical importance only if we can establish a direct link with abnormal postoperative events and formulate methods of treatment. With colleagues at the University of Alabama I set out to determine which components of the bypass circuit trigger the complement cascade and what other factors might influence anaphylatoxin release during perfusion. Dialysis workers had implicated nylon, which with polyurethane, polyethylene, polyvinyl chloride and polycarbonate form an important part of most bubble oxygenators and cardiotomy reservoirs. Samples of these and other materials taken from membrane oxygenators, bypass tubing, line filters, and cannulas were incubated with whole blood and serum to test their ability to activate complement in vitro. We found that all materials except polycarbonate activate complement to some extent. Nylon is particularly potent, though silicone and other materials from membrane oxygenators also have this activity. It is therefore unrealistic to expect a change of materials in the components of the bypass circuit to change the overall quantity of anaphylatoxin released. The influence of temperature on the kinetics of complement activation were studied both in vitro and vivo and, inevitably, less anaphylatoxin release occurs at lower temperatures. Anecdotal clinical evidence that this is the case comes from Ebert, who for different reasons precools his bypass circuit and oxygenator to 10°C before starting perfusion in infants and small children and who quotes a very low incidence of pulmonary dysfunction after perfusion.
Interestingly, complement activation during cardiac surgery does not cease with the termination of bypass. For many years it has been apparent that neutralisation of heparin with protamine may result in profound haemodynamic collapse in certain patients, often those who are critically ill and can least tolerate further instability.2728 Jastrebski and colleagues studied the haemodynamic response after heparin neutralisation with protamine in dogs.29 This is characterised by an acute rise in pulmonary vascular resistance and pulmonary arterial pressure, with peripheral vasodilation and pooling of blood in the splanchnic bed. Several poorly substantiated explanations have been offered in published reports, usually implicating hypersensitivity to protamine itself. Certain animals such as dogs and rabbits have very reactive mast cells and platelets and may release large quantities of histamine and serotonin in response to C3a or C5 binding, with results that are not easily reproducible in man. Nevertheless, since reactions between anions and cations are known to activate the classical complement pathway,30 we wondered whether the adverse reactions after neutralisation of heparin with protamine in man might also be related to this process. We therefore studied C3a levels before and after protamine administration and found release of the anaphylatoxin shortly after beginning protamine infusion. Estimation of total C4 from the same samples showed that this was used up in the process, which, unlike activation by foreign materials, must therefore occur by the classical pathway.
Conclusion
It is too soon to claim that the postperfusion syndrome is the direct consequence of a systemic inflammatory response caused by exposure of blood to unphysiological surfaces, though this is an attractive hypothesis. We have investigated one potent mediator of the inflammatory response, found it to be liberated by certain materials in the bypass circuit, and confirmed its presence in the serum of patients during cardiopulmonary bypass. Its appearance can be correlated with white cell sequestration in the lungs.
In an attempt to establish or refute a link between complement-derived anaphylatoxin and an abnormal postoperative course, we have recently carried out an extensive and detailed clinical study to relate C3a levels to clinical events, including pulmonary, renal, cerebral, and clotting disorders after cardiopulmonary bypass. Several patients suffered an obvious postperfusion syndrome during the course of this study so the results should prove interesting.
Potentially there are many simple therapeutic ways of intervening in the pathological sequence described. An initial response by manufacturers was to search for substitute materials for oxygenator components but this is probably of limited value since, whatever the alternative material, the body's defence mechanisms will respond by means of platelet adherence, protein denaturation, or activation of the plasmin or the kallikrein or bradykinin system if not through complement activation. The body has a natural response to every insult and the best we can hope to achieve is to minimise the effects. We have been slow to understand this in extracorporeal technology but may now be on the verge of unravelling the damaging effects of cardiopulmonary bypass, which have contributed considerably to the morbidity and mortality of cardiac surgery over the past 30 years. 
